RNA prepared from the potyvirus tobacco vein mottling virus contained aggregates of the 9-5 kb genomic RNA with electrophoretic mobilities corresponding to 20 and 41 kb species. Similar aggregates were present in preparations of the RNAs of two other potyviruses. Aggregation occurred during or after purification of the RNA by sucrose gradient centrifugation and alcohol precipitation and was dependent upon the presence of a protein apparently bound covalently to a region at or near the 5' terminus of the viral RNA. This protein is probably the VPg. The RNAs of tobacco mosaic virus and cowpea mosaic virus did not form aggregates when isolated from purified virus by similar procedures.
Potyviruses are filamentous plant viruses whose genomes consist of a single 9.5 kb molecule of single-stranded, positive-sense RNA. Potyviral RNA contains a covalently linked protein (VPg) at the 5' terminus (Siaw et al., 1985; Riechmann et al., 1989; Murphy et al., 1990) and is polyadenylated at the 3' terminus (Hari et al., 1979) . During electrophoretic analysis in agarose gels of the RNA of the potyvirus tobacco vein mottling virus (TVMV), some RNA migrated more slowly than the genomic RNA. In this communication we report that the more slowly migrating RNA consisted of VPg-dependent aggregates of the viral RNA.
TVMV was propagated in Nicotiana tabacum cv. Burley 21 and purified by procedures described by Calvert & Ghabrial (1983) and Murphy et al. (1990) . Other potyviruses, tobacco etch virus (TEV) and potato virus Y (PVY), were purified from infected N. tabacum using Method 1 of Moghal & Francki (1976) . Potyviral RNA was isolated by disruption of purified virus in 25 mM-Tris-HCl pH 9.0 (at 20 °C), 1 mM-EDTA, 1 ~o SDS and 250gg/ml bentonite followed by sucrose gradient centrifugation (Hellmann et al., 1980) . Tobacco mosaic virus (TMV) and cowpea mosaic virus (CPMV) were purified by methods similar to those of Boedtker & Simmons (1958) and van Kammen & De Jager (1978) , respectively. Tobacco leaf RNA was isolated from leaves of uninoculated plants by the method of Loening & Ingle (1967) .
After electrophoresis in 1% agarose gels of glyoxaltreated TVMV, PVY or TEV RNA (McMaster & Carmichael, 1977) , we consistently observed at least two bands in addition to the genomic RNA (Fig.1 a) . The amounts of the slowly migrating RNAs relative to the 10 kb RNA varied somewhat between different preparations. By comparison with HindIII-cut bacteriophage lambda DNA (Fig. 1 a) and with bacteriophage L-47.1 DNA (not shown; provided by S. Bingham, Martek Corporation), the larger species had sizes of approximately 20 and 41 kb. The high Mr bands were also observed in gels loaded with non-denatured RNA but none was observed after treatment of TVMV RNA with RN ase A (50 gg/ml) or 10 mM-NaOH for 1 h at 37 °C (data not shown).
To verify that the high Mr bands contained viral RNA, samples were denatured with formaldehyde and formamide, subjected to electrophoresis in a 1 ~ agarose gel containing formaldehyde and, after limited alkaline hydrolysis, transferred to nitrocellulose for Northern blot analysis (Maniatis et al., 1982) . The hybridization probe consisted of a mixture of azp-labelled DNA obtained from cloned cDNAs that corresponded to 80% of the TVMV genome (HeUmann et al., 1983) ; hybridization and washing conditions were those described by Thomas (1983) . The probe hybridized to the 9-5 kb viral RNA and to the high Mr RNAs, but not to RNA isolated from leaves of uninoculated tobacco plants (Fig. 1 b) . This result identified the slowly migrating RNAs as aggregates of TVMV RNA.
The possible involvement of an RNA-associated protein in the aggregation phenomenon was investigated. Incubation of TVMV RNA with proteinase K (100 ~tg/ml in 10 mM-sodium phosphate pH 7.0, 1% Sarkosyl, 10 mM-EDTA) for 2 h at 37 °C removed the aggregates but had no effect on the 9.5 kb RNA (Fig. 2a) indicating that the formation or stability of the aggregated forms was protein-dependent. The high M r RNAs 0000-9802 © 1991 SGM were not eliminated by treatment of viral RNA with phenol/chloroform (1:1) or NaC104 (75~o w/v) but they remained sensitive to proteinase K after treatment with either of these reagents (Fig. 2a) . Viral RNA treated by heating in 5~ SDS and 5~ 2-mercaptoethanol for 5 min at 100 °C, in 8 M-urea and 1 ~ SDS for 10 min at 65 °C, or in 10 mM-EDTA pH 7-0 containing 1 ~ Sarkosyl for 2 h at 37 °C still contained aggregates (data not shown). These results strongly suggest that a covalently linked protein, such as the VPg, is responsible for the aggregation phenomenon. Evidence that the VPg is involved in the aggregation of potyviral RNA was obtained by annealing TVMV RNA to specific oligodeoxyribonucleotides and treating the hybrids with RNase H. The TVMV RNA used in this experiment had been purified by four cycles of sucrose gradient centrifugation in a medium containing 0.5~ SDS, a treatment that removed all viral coat protein detected by Western blot analysis (J. F. Murphy, unpublished data) but that did not eliminate the aggregated forms of the RNA (Fig. 2b, lane 1) . Samples containing 2-5 ~tg of this preparation of viral RNA were hybridized (Kunkel et al., 1987) with a 10-fold molar excess of oligonucleotides complementary to nucleotide residues 55 to 75, 408 to 420 or 8374 to 8388. Hybrids were treated with 2 units of RNase H at 37 °C for 1 h, denatured with formamide and formaldehyde and analysed by electrophoresis in 1 ~o agarose gels containing formaldehyde. When the RNA was annealed to the oligonucleotide complementary to a region near the 3' terminus of the RNA (Domier et al., 1986 ) and then treated with RNase H, the aggregates were not eliminated (Fig. 2b, lane 3) . The appearance of a more rapidly migrating band of approximately 1100 bases demonstrated that the TVMV RNA--cDNA hybrid had been cleaved by the RNase H. However, the aggregates were eliminated by RNase H treatment after hybridization of the RNA to oligonucleotides complementary to sequences located near the 5' terminus (Fig. 2b, lanes 2 and  4) . Samples which were either hybridized with the above oligodeoxyribonucleotides or were treated with RNase H contained aggregates of R N A similar in size to those in the untreated sample (data not shown). These data indicate that a protein linked to (or near) the 5' terminus of TVMV RNA, such as the VPg, is involved in the aggregation phenomenon. Furthermore, they suggest that the orientation of the aggregated RNA molecules, at least in the case of dimers, is 5' to 5' ('head-to-head').
We analysed by agarose gel electrophoresis the RNAs of CPMV and TMV that had been prepared from purified virus by the method used to prepare R N A from TVMV. TVMV RNA contained the familiar set of aggregates, but no aggregation of CPMV or TMV RNA was observed (Fig. 3a) . Furthermore, when CPMV [the genomic RNAs of which have VPgs (Stanley et al., 1978) ] and TVMV particles were mixed and their RNAs copurified, there was no evidence of aggregates of CPMV RNA after ethidium bromide staining (Fig. 3a) or Northern blot analysis using 32p-labelled CPMV cDNA probes (kindly provided by L. L. Domier; data not shown). The aggregation of viral RNA therefore does not seem to be a general phenomenon among plant viruses. Electrophoresis of TVMV RNA before and after purification in sucrose gradients. Glyoxal-treated RNAs were analysed by electrophoresis in a 1 ~ agarose gel and ethidium bromide staining. Lane 1, 2 lag of TVMV RNA immediately after disruption of virus; lane 2, 2 lag of TVMV RNA from the same preparation of virus after sucrose gradient centrifugation and alcohol precipitation.
The aggregates of potyviral RNA seemed to be generated during the later stages of the purification procedure. The RNA released from TVMV particles by treatment with the disruption mixture (25 mM-Tris-HCl pH 9-0, 1 mM-EDTA, 1 ~ SDS and 250 gg/ml bentonite) did not aggregate (Fig. 3b, lane 1) , whereas RNA that had been centrifuged in sucrose gradients and then precipitated with ethanol did aggregate (Fig. 3 b, lane 2) .
The experiments described here indicate that the aggregation of RNA isolated from potyvirus particles is dependent upon the VPg. Aggregation of the 3K to 4K VPg of CPMV has been reported to occur (Stanley & van Kammen, 1979) , but this apparently does not cause the formation of stable aggregates of the RNA. The stability of the potyviral RNA aggregates may be due to the unusually large size of the VPgs. Some potyviral VPgs have been reported to be 22K to 24K proteins (Slaw et al., 1985; Riechmann et al., 1989) and it has been suggested that the entire 49K proteinase of TEV may be a VPg (Murphy et al., 1990) . We do not know whether the aggregation of potyviral RNA molecules occurs in vivo and might therefore have some functional significance or if it is merely a phenomenological curiosity, the result perhaps of the molecular 'stickiness' of potyviral VPgs.
